Highlights d Cryo-EM structure of ATP-bound, outward-facing MRP1 at 3.1 Å 
INTRODUCTION
Multidrug resistance protein 1 (MRP1) is an ATP-binding cassette (ABC) exporter that protects tissues from toxic molecules (Leslie et al., 2005) . It also secretes a variety of mediators that regulate redox homeostasis, inflammation, and hormone secretion . Furthermore, MRP1 extrudes many chemotherapeutic agents, thereby reducing drug accumulation in tumor cells. Overexpression of MRP1 has been shown to confer drug resistance in leukemia, lung cancer, breast cancer, prostate cancer, and neuroblastoma (Berger et al., 2005; Filipits et al., 2005; Haber et al., 2006; Lu et al., 2015; Winter et al., 2013; Zalcberg et al., 2000) .
The biochemical and pharmacological properties of MRP1 have been extensively studied since its discovery in 1992 (Cole et al., 1992; Cole 2014b) . MRP1 is a single polypeptide consisting of the canonical two transmembrane domains (TMD1 and TMD2) and two cytosolic nucleotide-binding domains (NBD1 and NBD2) of ABC transporters, as well as an additional N-terminal TMD0 of unknown function (Cole, 2014a) . The physiological substrates transported by MRP1 are diverse, including folic acid, bilirubin, vitamin B12, and many glutathione and glucuronide conjugates (Cole, 2014b; . Recently, we determined by electron cryomicroscopy (cryo-EM) the structure of bovine MRP1 (bMRP1; 91% identical to human MRP1) in two different conformations: an apo form without any ligand and a complex form with its native substrate leukotriene C 4 (LTC 4 ) (Johnson and Chen, 2017) . These structures show that in the absence of ATP, MRP1 adopts a typical inward-facing conformation, in which the two NBDs are separated and the translocation pathway is open to the cytoplasm. The substrate-binding site, at the interface of TMD1 and TMD2, contains both positively charged and hydrophobic residues, consistent with the amphipathic nature of MRP1 substrates. These two inward-facing structures revealed that substrates of MRP1 are likely directly recruited from the cytoplasm, and binding of LTC 4 brings the two NBDs closer together to prime the transporter for ATP hydrolysis.
To further our understanding of substrate translocation and release outside the cell, we present here the 3.1 Å cryo-EM structure of bMRP1 in an ATP-bound, outward-facing conformation. With the addition of this new conformation, we now have an atomic depiction of the alternating access model for a eukaryotic ABC transporter.
RESULTS

Structure Determination of Outward-Facing MRP1
Binding of ATP to ABC transporters promotes formation of an outward-facing conformation (Dawson and Locher, 2007; Oldham et al., 2007; Ward et al., 2007) . Mutations that prevent ATP hydrolysis but not ATP binding can be used to stabilize the outward-facing conformation (Oldham et al., 2007) . Like other ABC transporters, MRP1 contains two ATPase sites, each composed of the Walker A/B motifs from one NBD and the signature motif of the other NBD. However, only one of the ATPase sites in MRP1 is catalytically competent. While both sites bind ATP, hydrolysis occurs only at the consensus site (Gao et al., 2000; Hou et al., 2000) . The degenerate site contains amino acid residues that deviate from the consensus sequence, rendering it catalytically inactive. For this study, we mutated the catalytic glutamate residue in the consensus site (E1454 in bMRP1) to glutamine. This residue serves as a general base in the hydrolysis mechanism and polarizes the hydrolyzing water for attack on the g-phosphate of ATP (Oldham and Chen, 2011b) . Mutations of this residue in human MRP1 significantly decrease ATPase activity and abrogate LTC 4 transport while having no effect on LTC 4 binding (Payen et al., 2003) . We also show that in contrast to the wild-type protein, bMRP1-E1454Q has no detectable ATPase activity and the addition of LTC 4 does not stimulate ATP hydrolysis ( Figures 1A and 1B) .
Purified protein samples were mixed with ATP and LTC 4 before freezing on cryo-EM grids. Drift-corrected micrographs and 2D classes indicated that the NBDs in this sample were in close contact ( Figures 1C and 1D ). Using the previous inwardfacing, LTC 4 -bound reconstruction as an initial model, 3D classification in RELION (Scheres, 2012 ) yielded a dominant class in which the NBDs were clearly dimerized and the TMDs open to the extracellular side. After further refinement in Frealign (Grigorieff, 2016) , the overall resolution of the 3D reconstruction was estimated to be 3.1 Å ( Figure S1 ). The local resolution of the interior of the NBD dimer and the intracellular portion of the TMDs up through the inner leaflet of the membrane is higher than the overall resolution of the map, allowing us to accurately position ATP-Mg 2+ molecules and amino acid side chains ( Figures 1E,  1F , and S2). The density for the extracellular loops, however, is less well defined, suggesting the presence of some flexibility in these regions. TMD0, as in the previous MRP1 structures, also has poor density. The final model was refined to excellent geometry and stereochemistry statistics and contains residues 203-268, 311-636, 641-867, and 942-1530 , as well as two molecules of ATP, two Mg 2+ ions, three partial cholesteryl hemisuccinate (CHS) molecules, and five poly-alanine helices corresponding to TMD0 (Table S1 ).
Overall Architecture
In the presence of ATP, the structure of bMRP1-E1454Q exhibits many features expected for the outward-facing conformation of ABC transporters (Figure 2 ). The N-terminal TMD0 forms a fivehelix bundle loosely attached to the rest of the molecule. The lasso motif, important for MRP1 folding and trafficking, adheres to the transporter core at the inner leaflet-cytosol interface (Bakos et al., 1998 (Bakos et al., , 2000 Westlake et al., 2003) . In the previous ATP-free conformations, the 12 transmembrane helices of the ABC transporter core (TM6-TM17) separate into two bundles, each attached to an NBD (Johnson and Chen, 2017) . In this new conformation, the two halves of the transporter pack closely together to enclose two ATP molecules and two Mg 2+ ions at the NBD dimer interface. The translocation pathway, located at the molecular center, is continuous with the extracellular space and closed off to the cytoplasm. The structure of outward-facing MRP1 is distinct from that of Sav1866, a bacterial multidrug exporter crystallized in the presence of nucleotide, which has been used as a prototype to model eukaryotic ABC transporters (Dawson and Locher, 2006) . In Sav1866, the 12 TM helices split into two wings, opening its translocation pathway laterally to the membrane outer leaflet. In MRP1, however, the translocation pathway is shielded from the lipid bilayer and only accessible from the extracellular space (Figures 2 and S3) . As we will discuss below, the molecular details of the translocation pathway have significant implications for how substrates are released in the transport cycle.
ATP Acts as Molecular Glue to Stabilize the OutwardFacing Conformation
In the outward-facing structure, the NBDs form a pseudo-symmetric head-to-tail dimer ( Figure 3A) . Although the two NBDs differ significantly at their interfaces with the TMDs (Johnson and Chen, 2017) , they interact with ATP in a nearly identical manner (Figure 3 ). This was unexpected since the degenerate site contains substitutions in key regions involved in ATP binding See also Figures S1 and S2 and Table S1 .
and hydrolysis ( Figure 3B ). Each ATP molecule interacts with a number of highly conserved motifs, linking together not only the two NBDs but also the TMDs ( Figures 3C and 3D ). The phosphate groups of ATP form electrostatic interactions with the Walker A/B motifs, the Q-loop, and the switch histidine of one NBD, and the signature sequence of the other NBD. Additionally, the adenine group of each ATP is in close proximity to one of the coupling helices from the TMDs. In the degenerate site, N412 from cytoplasmic loop CL4 is about 3.4 Å away from the 6-amino group of ATP ( Figure 3C ). There is additional strong density between the side chain of N412 and ATP that could correspond to a water-mediated interaction ( Figure S2 ). Likewise, in the consensus site, E1064 of CL6 appears to be within interacting distance (3.0 Å ) of the 6-amino group of ATP ( Figure 3D ), although the side-chain density of E1064 is very weak as negatively charged side chains are often difficult to observe in cryo-EM maps. These interactions serve to further staple together the NBD dimer and likely assist in transmitting the conformational changes brought upon by ATP binding to the TMDs. 3B-3D). Therefore, the lack of catalytic activity in the degenerate site is likely only due to the presence of an aspartate residue instead of a glutamate in the expected position of the general base (D793). The side chain of D793 is likely too short to properly position the hydrolytic water for nucleophilic attack on the g-phosphate of ATP ( Figure 3C ). Consistent with this hypothesis, substitution of D793 with the consensus glutamate residue in human MRP1 enables ATP hydrolysis at the degenerate site (Payen et al., 2003) . In the previously solved crystal structure of isolated NBD1 from human MRP1 (PDB: 2CBZ), the conserved histidine residue H827 points away from the g-phosphate of ATP, an unusual ''non-productive'' conformation proposed to facilitate NBD communication in MRP1 (Ramaen et al., 2006) . In the full-length transporter, however, this side chain flips about 150 to form a hydrogen bond with ATP ( Figure S4 ), as seen in other ABC transporter structures (Oldham and Chen, 2011b) . Other structural differences between the isolated NBD1 crystal structure and NBD1 in the context of the full transporter lie in residues 762-768 and the C-terminal end of NBD1, which are both involved in domain-domain interactions in the full transporter ( Figure S4 ).
Substrate Is Released Prior to ATP Hydrolysis
In our previous ATP-free, inward-facing structures of MRP1, we identified the LTC 4 -binding site between the two TM bundles (Johnson and Chen, 2017) . Residues forming this substratebinding site come from 8 different TM helices. The chemical environment of the binding site is bipartite; it contains a positively charged P-pocket that coordinates the glutathione moiety of LTC 4 and a hydrophobic H-pocket that interacts with its lipid tail ( Figure 4A ). In the ATP-bound, outward-facing structure the binding site no longer exists, as residues that interact with LTC 4 in the inward-facing structure are pulled apart (Figures 4B and 4C) . The side chains of R1196, N1244, and R1248 in the P-pocket swing away from the glutathione moiety ( Figure 4B ). Instead of forming a hydrogen bond with the a-carboxylate of the glycine of the glutathione moiety, R1248 forms a cation-p interaction with W1245, a key interacting residue in the H-pocket ( Figure 4B ). K332, H335, and Y440 all collapse in toward the binding site. If LTC 4 were present, these residues would sterically clash with the substrate. F594, which sits under the Ca of the glycine of the glutathione moiety in the inwardfacing conformation, flips about 180 degrees toward the extracellular side ( Figure 4B ). The combined movements of K332, H335, Y440, and F594 would effectively push the LTC 4 up toward the extracellular opening of the translocation pathway. Additionally, the ''tryptophan sandwich'' in the H-pocket completely comes apart as W553 and W1245 move away from each other ( Figure 4C ). Y1242, which sits above the lipid tail of LTC 4 in the inward-facing conformation, lifts up and away from the binding site to open up an extracellular portal ( Figure 4C ). Consequently, these movements not only expose the translocation pathway to the extracellular space, but they also likely result in a significant loss of binding affinity for LTC 4 .
The structure of the outward-facing conformation was determined in the presence of 80 mM LTC 4 , twice the concentration used in the previous LTC 4 -bound, inward-facing structure, and more than 200-fold higher than measured K M values for LTC 4 (Johnson and Chen, 2017; Loe et al., 1996; Mao et al., 2000) . However, we did not observe any density corresponding to LTC 4 in the cryo-EM map. The absence of LTC 4 density and the structural rearrangements observed in the binding site suggest that in the ATP-bound, outward-facing conformation, LTC 4 is released from MRP1 into the extracellular space prior to ATP hydrolysis.
Major Conformational Changes Enable Substrate Translocation
The structure of MRP1 has now been elucidated in three distinct conformations: inward-facing apo (no substrate or ATP), inward-facing substrate-bound (no ATP), and outwardfacing ATP-bound (no substrate, although it is present at a high concentration in the solution) ( Figure 5A ). Transition between these conformations can be largely described as rotations of two halves of the molecule, one consisting of the lasso, TM bundle 1, and NBD1, and the other consisting of TM bundle 2 and NBD2 ( Figure S5 ). Binding of LTC 4 at the interface of the two TM bundles brings the two halves closer together. Subsequently, ATP binding induces NBD closure, accompanied by further rotation of the TM bundles toward the center of the transporter. In addition to these global movements, local structural changes in the substrate-binding site are essential to enable See also Figure S5 and Movie S1.
substrate recognition from the cytoplasm and substrate release outside the cell ( Figure 5B ). The high-affinity LTC 4 -binding site is formed as several residues, including Y440, W553, F594, Y1242, and W1245, reposition their side chains to coordinate LTC 4 during the transition from the apo to substrate-bound conformation. The binding site is further rearranged in the outward-facing state as the side chains of the interacting residues swing away from each other, relinquishing the affinity of MRP1 for substrates.
Furthermore, transition from the inward-facing to the outwardfacing structure involves bending outward of TMs 8, 11, 14, and 17 at hinges adjacent to the substrate-binding site ( Figures  5B and S5) . Consequently, the extracellular end of the transporter is peeled open, and residues forming the extracellular gate in the inward-facing conformations (I350, F583, L995, and L1231) are pulled apart ( Figure 5C ). These local conformational changes are essential to expose the translocation pathway to the extracellular space.
To test if substrate is absolutely needed for the closure of the two NBDs, we carried out cryo-EM studies of bMRP1-E1454Q in the presence of ATP without substrate. An outward-facing conformation is indeed observed ( Figure S6 ). The final reconstruction, determined at 4.0 Å resolution, is indistinguishable from that of the structure obtained in the presence of LTC 4 (Figure S6 ; Table S2 ). This structural result is consistent with functional data showing low levels of ATPase activity in the absence of substrate ( Figures 1A and 1B) . Substrate stimulates ATPase activity by lowering the energy barrier between the inward-and outward-facing conformations, accelerating formation of the outward-facing state (Johnson and Chen, 2017) . Our observation of the ATP-bound, outward-facing state in the absence of substrate is consistent with the finding that substrate enhances the rate of ATP hydrolysis by only about 3-fold above basal ATPase activity in the absence of substrate ( Figure 1B) .
DISCUSSION
ABC transporters harness the energy of ATP binding and hydrolysis to move substrates across the membrane against their electrochemical gradients. For ABC exporters, it has long been debated exactly how substrates are translocated and released outside the cell. One model suggests that the transporter contains two binding sites; substrate is recruited to a high-affinity binding site in the inward-facing conformation and transferred to a lower affinity site in the outward-facing conformation (Taylor et al., 2017) . Other models propose that the energy of ATP hydrolysis is used to break the interactions between the substrate and the transporter (Senior et al., 1995; Siarheyeva et al., 2010) . The outward-facing structure presented here shows that neither of these models applies to MRP1. For MRP1, substrate release is achieved through local conformational rearrangements of the binding site that are coupled to NBD dimerization before ATP hydrolysis occurs. ATP hydrolysis is required to reset the transporter to begin a new cycle, but it is not required for substrate release. Although this is unexpected for ABC exporters, there are data already in the literature that now make sense in light of this new understanding. Using photoaffinity labeling with [ 3 H]LTC 4 , Payen et al. (2003) have shown that the presence of ATP reduces the affinity of MRP1 for LTC 4 , suggesting that ATP binding switches MRP1 from a high-affinity state to a lowaffinity state. They found this to be true for both the wild-type transporter and the Walker B hydrolysis-deficient mutant (Payen et al., 2003) . Our structure now provides a molecular explanation for this earlier observation.
The conceptual model of alternating access has now been illustrated at the molecular level through the three structures of MRP1 ( Figure 6A ; Movies S1 and S2) (Jardetzky, 1966) . We show that in the absence of ATP and substrate, MRP1 rests in an inward-facing state in which the NBDs are widely separated and the translocation pathway is continuous with the cytoplasm (Johnson and Chen, 2017) . Upon substrate binding (step 1 in Figure 6A) , the TMDs move 2-4 Å closer to one another to form a high-affinity substrate-binding site, but the translocation pathway is still open to the cytoplasm. The TMD movement brings the NBDs about 12 Å closer and better aligns them for dimerization, in effect priming the transporter for ATP hydrolysis (Johnson and Chen, 2017) . ATP binding (step 2) then causes the NBDs to dimerize and the TMDs to rearrange into an outwardfacing conformation. The extracellular ends of the TM helices peel outward, pulling apart the residues that form the substrate-binding site, resulting in a loss of binding affinity and See also Figure S6 , Table S2 , and Movies S1 and S2.
release of substrate outside the cell. ATP hydrolysis and the dissociation of ADP and inorganic phosphate (step 3) then reset the transporter to the resting state. One of the most remarkable features of ABC transporters is that the movement of substrate can be outward (export) or inward (import) across cellular membranes. Although the structural organization of importers differs from that of exporters in many ways, their nucleotide-binding domains are very similar. How can the same ATP-powered engine drive different molecular pumps in two opposite directions?
To address this question, we compared the MRP1 transport cycle with that of the maltose transporter MalFGK 2 , a bacterial ABC importer ( Figure 6B ) (Khare et al., 2009; Oldham and Chen, 2011a; Oldham et al., 2007) . Unlike ABC exporter systems in which substrate is directly recruited to the transporter, the maltose transport system requires a high-affinity binding protein (MBP) that recruits substrates from the periplasm and delivers them to the transporter. In the resting state, MalFGK 2 is inward-facing with the NBDs separated. Binding of substrateloaded MBP to the periplasmic surface of the transporter (step 1 in Figure 6B ) stabilizes a pre-translocation state in which the NBDs come closer together to form a semi-open dimer and ATPase activity is stimulated. The translocation pathway remains open to the cytoplasm. ATP binding (step 2) leads to full dimerization of the NBDs and rearrangement of the TMDs into an outward-facing conformation. The translocation pathway opens up on the periplasmic side allowing substrate exchange from MBP into the transporter. ATP hydrolysis (step 3) resets the transporter into the inward-facing state. As the transporter itself contains a low-affinity substrate-binding site, substrate is released into the cytoplasm through simple diffusion.
Clearly, MRP1 and the maltose transporter recruit and release their substrates at different stages of the transport cycle (Figure 6 ). Exporters acquire their substrates in the inward-facing state, whereas importers do so in the outward-facing state. Substrates of MRP1 are released outside the cell prior to ATP hydrolysis, but maltose is released into the cytoplasm after ATP hydrolysis. However, MRP1 and the maltose transporter share several common features: substrate binding stimulates ATP hydrolysis by bringing the NBDs nearer to each other; ATP binding stabilizes the NBD dimer and reorients the translocation pathway outward; and ATP hydrolysis resets the transporter to its resting state. These parallels highlight general principles of capturing the energy of ATP to pump substrates against their chemical gradients.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Cell Culture Sf9 cells were cultured in sf-900 II SFM medium (GIBCO) supplemented with 5% FBS at 27 C. HEK293S GnTI -suspension cells were cultured in Freestyle 293 medium (GIBCO) supplemented with 2% FBS at 37 C with 8% CO 2 and 80% humidity.
METHOD DETAILS
Protein expression and purification Bovine MRP1-E1454Q was expressed and purified as described (Johnson and Chen, 2017) . Briefly, recombinant baculovirus was generated containing the bMRP1-E1454Q gene with a C-terminal PreScission-Protease-cleavable GFP tag. Virus was added to HEK293S GntI -suspension cells at 37 C, 10 mM sodium butyrate was added after 18-20 h and the temperature dropped to 30 C, and cells were harvested and flash-frozen in liquid nitrogen after 48 h. Cell pellets were thawed and solubilized for 1.5 h at 4 C in solution containing 300 mM NaCl, 50 mM Tris pH 8.0, 2 mM MgCl 2 , 2 mM dithiothreitol (DTT), 20% glycerol, 2% lauryl maltose neopentyl glycol (LMNG), and 0.2% cholesteryl hemisuccinate (CHS) supplemented with protease inhibitors (1 mg/mL pepstatin A, 1 mg/mL leupeptin, 1 mg/mL aprotinin, 100 mg/mL soy trypsin inhibitor, 0.6 mM benzamidine, and 1 mM PMSF) and DNase I. Insoluble material was removed by centrifugation at 75,000g for 40 min, and the supernatant was applied to GFP-nanobody-conjugated Sepharose 4 Fast Flow resin (GE Healthcare) and incubated at 4 C for 1.5 h. The resin was then packed in a column and washed with solution containing 150 mM NaCl, 50 mM Tris pH 8.0, 2 mM MgCl 2 , 2 mM DTT, 5% glycerol, and 0.06% digitonin. The GFP tag was then cleaved on column by addition of 0.35 mg/mL PreScission Protease for 3 h at 4 C, and the flow-through was collected and concentrated. The sample was then applied to a Superose 6 size-exclusion column (GE Healthcare) equilibrated in 150 mM KCl, 50 mM Tris pH 8.0, 2 mM MgCl 2 , 2 mM DTT, and 0.06% digitonin. Peak fractions were pooled and concentrated for cryo-EM grid freezing or ATPase assays.
ATPase Assay ATP hydrolysis was monitored using an NADH-coupled ATPase assay (Scharschmidt et al., 1979) . Reaction mixes were prepared containing 800 nM bMRP1, 60 mg/mL pyruvate kinase, 32 mg/mL lactate dehydrogenase, 9 mM phosphoenolpyruvate, and 150 mM NADH in size-exclusion buffer. ATP-Mg 2+ was added at the specified concentrations, and NADH consumption to regenerate ATP from ADP was monitored at l ex = 340 nm and l em = 445 nm using an Infinite M1000 microplate reader (Tecan). Data were fit by nonlinear regression to the Michaelis-Menten equation using GraphPad Prism. LTC 4 stimulation experiments were performed by incubating protein with LTC 4 for 15 minutes then adding 5 mM ATP-Mg 2+ .
Cryo-EM sample preparation and data collection Bovine MRP1-E1454Q was concentrated to 6.3 mg/mL. About 30 min prior to grid freezing, 10 mM ATP-MgCl 2 and 80 mM LTC 4 in DMSO were added to the sample. Immediately prior to grid freezing, 3 mM fluorinated Fos-Choline-8 (Anatrace) was added to the sample, yielding a final protein concentration of 4.9 mg/mL. The sample was then applied to freshly glow-discharged Quantifoil R1.2/1.3 400-mesh Au Holey Carbon Grids and frozen in liquid ethane using a Vitrobot Mark IV (FEI). The sample in the presence of ATP only was prepared the same way except that 2.5% DMSO was included in place of LTC 4 and the final protein concentration was 4.6 mg/mL. Cryo-EM data were collected using a Titan Krios system (FEI) with a K2 Summit camera (Gatan) in super resolution mode. Data collection was automated using Serial EM (Mastronarde, 2005) . For the sample with ATP and LTC 4 , the electron dose rate was 8 e -/pix/sec for an exposure time of 7 s divided into 50 sub-frames. A total of 4,210 movies were collected from two combined datasets from separate grids (Table S1 ). For the sample with ATP only, the electron dose rate was 8 e -/pix/sec for an exposure time of 10 s divided into 50 sub-frames. A total of 1,447 movies were collected (Table S2) .
Cryo-EM data processing for the ATP and LTC 4 sample Movie frames were corrected for gain reference and binned by 2 to yield a pixel size of 0.817 Å /pixel. The contrast transfer function (CTF) was estimated using CTFFIND4 and whole-frame image alignment was carried out using Unblur (Grant and Grigorieff, 2015; Rohou and Grigorieff, 2015) . 2D classes from apo MRP1 data were used as templates for auto-picking of particles in RELION (Johnson and Chen, 2017; Scheres, 2012) . Following the removal of false positives, individual particle alignment was performed using the program alignparts_lmbfgs (Rubinstein and Brubaker, 2015) .
A first dataset of 2,347 movies was collected, yielding 167,491 particles. 2D classification was performed in RELION and the best classes were selected, followed by 3D classification with three classes using the inward-facing, LTC 4 -bound map low-pass-filtered to 60 Å as the reference. The highest resolution class contained about 50% of the particles and was clearly outward-facing. 3D refinement was then performed in RELION using the outward-facing map from 3D classification low-pass-filtered to 60 Å as the reference map and the 72,555 particles contained in this class, yielding a map of 6.8 Å .
A second dataset of 1,863 movies was collected on a different grid from the same sample batch, yielding an additional 187,261 particles. Both datasets were combined for a total of 4,210 movies and 354,752 particles. 2D classification was performed in RELION on the combined datasets and the best classes were selected, followed by 3D classification with four classes using the 6.8-Å outward-facing map low-pass-filtered to 60 Å as the reference. The highest resolution class contained about 40% of the particles. 3D refinement was then performed in RELION with the best 3D class low-pass-filtered to 60 Å as the reference map and the 99,346 particles contained in this class, yielding a map of 6.4 Å .
Using all of the particles from the combined datasets, final refinement and reconstruction were performed using FREALIGN with the 6.4-Å map as the initial model and applying a tight mask excluding the micelle (Grigorieff, 2016) . The final reconstruction yielded a resolution of 3.1 Å using the Fourier shell correlation (FSC) of two reconstructions each generated from half of the data and a cut-off criterion of 0.143 ( Figure S1 ). Local resolution estimations were made using the program Blocres (Heymann and Belnap, 2007) .
Cryo-EM data processing for the ATP-only sample Movie frames were corrected for gain reference and binned by 2 to yield a pixel size of 1.00 Å /pixel. The contrast transfer function (CTF) was estimated using CTFFIND4 and whole-frame image alignment was carried out using Unblur (Grant and Grigorieff, 2015; Rohou and Grigorieff, 2015) . About 5,000 particles were manually picked and 2D classification was performed to generate templates for auto-picking in RELION (Scheres, 2012) . Following the removal of false positives, individual particle alignment was performed using the program alignparts_lmbfgs (Rubinstein and Brubaker, 2015) .
The program cryoSPARC (Punjani et al., 2017) was used to carry out heterogeneous refinement of 319,722 particles using the inward-facing apo map and the outward-facing map with ATP and LTC 4 as reference models. The outward-facing class contained about 50% of the particles, and this subset of particles was further refined using homogeneous refinement in cryoSPARC. After refinement, 102,480 particles with a class probability threshold above 0.9 were selected and used for 3D refinement in RELION with the outward-facing map with ATP and LTC 4 low-pass-filtered to 60 Å as the reference map, yielding a map of 8.0 Å .
Final refinement and reconstruction were performed in FREALIGN using this subset of particles and the 8.0-Å map as the initial model with a tight mask excluding the micelle (Grigorieff, 2016) . The final reconstruction yielded a resolution of 4.0 Å using the Fourier shell correlation (FSC) of two reconstructions each generated from half of the data and a cut-off criterion of 0.143 ( Figure S6 ).
Model building
Three maps were generated from the data: a full map and two half maps (working map and free map). The working map was sharpened using BFACTOR.EXE (written by Nikolaus Grigorieff) with a resolution cut-off of 3.1 Å and a sharpening factor of À75 Å 2 . The inward-facing, LTC 4 -bound model (PDB 5UJA) was split in half (one half consisting of the lasso motif, TM bundle 1, and NBD1, and the other half consisting of TM bundle 2 and NBD2) and rigid-body fit into the sharpened working map using UCSF Chimera (Pettersen et al., 2004) . Regions where the model deviated from the map were manually rebuilt in COOT (Emsley and Cowtan, 2004) .
The poly-alanine model of TMD0 from the LTC 4 -bound structure was also docked into the working map and manually rebuilt, though the quality of the TMD0 density was similarly poor. The final model contains 5 poly-alanine helices corresponding to TMD0, residues 203-268, 311-636, 641-867, and 942-1530 , as well as two molecules of ATP, two Mg 2+ ions, and three partial cholesteryl hemisuccinate molecules.
Refinement and model validation
To refine the model, the maps and model were translated into a P1 crystallographic unit cell with 5 Å padding around the model using the programs Maprot and Pdbset, respectively (Stein et al., 1994; Winn et al., 2011) . Structure factors and phases for the maps were calculated using Sfall (Eyck, 1977) . Real space refinement against the working map was then carried out in PHENIX with secondary structure restraints imposed (Adams et al., 2010) . Next, iterative cycles of refinement and manual rebuilding were carried out in Refmac with secondary structure restraints generated by ProSMART (Brown et al., 2015; Murshudov et al., 1997; Nicholls et al., 2014) . MolProbity was used to assess the quality of the final model (Table S1 ) . Figures were prepared using UCSF Chimera and PyMOL (Schrö dinger, LLC) (Pettersen et al., 2004) . To assess the model for overfitting, the coordinates were converted to an electron density map using UCSF Chimera and the cryo-EM maps were masked using a mask about 3.5 times larger than the volume of the model density. The program Spider was used to calculate FSC plots between the map generated from the model and each of the full map, the working map, and the free map (Frank et al., 1996) . The FSC plots were then corrected for the volume by which the mask exceeds the volume of the model density using the following formula:
where f is equal to the factor by which the mask exceeds the volume of the model density (Sindelar and Grigorieff, 2012) . The FSC between the model map and the full map equals 0.5 at a resolution of 3.5 Å . R work and R free values were calculated by generating a mask from the model with 2 Å padding, applying it to each of the half maps, and running zero cycles of refinement in Refmac against the working map (R work ) and the free map (R free ).
QUANTIFICATION AND STATISTICAL ANALYSES
To quantify the ATPase activity, mean values and the standard deviation from at least three independent measurements were calculated. The values for K M and the maximum ATPase activity were determined by nonlinear regression of the Michaelis-Menten equation using GraphPad Prism 6. The goodness of fit of the data, the R square value, was 0.96 for wild-type bMRP1. The specific ATP turnover rates were calculated assuming a molecular weight of 172 kDa (pre-glycosylation) for bMRP1.
The local resolutions were estimated using Blocres (Heymann and Belnap, 2007) with the following parameters: box size 20, verbose 5, maxresolution 2.0 Å , and cutoff 0.5. The quantification and statistical analyses for model refinement and validation were integral parts of the software and algorithms used. Specifically, the R factor and RMS deviations were reported by Refmac and the geometry statistics were calculated by MolProbity.
DATA AND SOFTWARE AVAILABILITY
The accession numbers for data generated in this study are PDB: 6BHU and EMD: EMD-7099.
Cell 172, 81-89.e1-e4, January 11, 2018 e4 (A) Alignment of TM bundle 1, NBD1, and the lasso motif from the two structures. The inward-facing structure is shown in gray and the outward-facing structure is colored as in Figure 2. (B) Alignment of TM bundle 2 and NBD2 from the two structures. For both halves of the molecule, the structures align well from the NBDs up through the inner leaflet of the membrane, but the structures diverge in the outer leaflet and extracellular loops.
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(C) The two halves of the inward-facing structure (gray) aligned on the intact outward-facing structure (colored as in Figure 2 ). TM11 and TM17 would clash if they maintained their conformations from the inward-facing structure, so they are forced to bend outwards in the outward-facing conformation (indicated by orange arrows).
